This study is focused on the impact of rapid Reactivity Initiated Accident (RIA) representative strain rates (about 1 s -1 [1]) on the behavior and fracture of unirradiated Cold Work Stress Relieved Zircaloy-4 cladding tubes. Uniaxial ring tests (HT) and plane strain ring tensile tests (PST) were performed in the 0.1 to 10 s -1 strain rate range, at 25 °C. The local temperature increase due to plastic dissipation was measured with a high-speed infrared camera.
INTRODUCTION
The hypothetical control rod ejection in a Pressurized Water Reactor leads to a rapid RIA, which triggers rapid thermal expansion of the fuel pellets. These pellets expansion induced a strain-controlled loading on the cladding at approximately 1 s -1 circumferential strain rate [1] . This phase is referred to as PCMI (Pellet Cladding Mechanical Interaction). Such a 1 s -1 strain rate is susceptible to cause an important increase of the cladding temperature due to plastic heat dissipation. The aim of the present study is to quantify this temperature increase and its effect on the Zircaloy-4 cladding tubes behavior and fracture.
The temperature increase due to plastic heat dissipation assuming adiabatic conditions can be estimated for uniaxial ring tensile tests (Figure 1 ) performed on unirradiated Zircaloy-4, using the following equation:
where is the uniaxial stress (MPa), ̇ is the plastic strain rate (s -1 ), is the material density (kg/m 3 ), is the specific heat (J/kg/K) and is the Taylor-Quinney coefficient [2, 3] . The β coefficient varies with plastic strain [4] and can be greater than one. Indeed, the heat released during a given time period is the plastic energy dissipated into heat plus a possible release of energy previously stored in the material [5] . Regarding pure zirconium, it was shown that the β coefficient depended on the material crystallographic texture: it is higher in non-basal than in basal directions [6] . More precisely, the results in [6] suggest that setting β=90% is an acceptable assumption when stretching the samples in directions parallels to zirconium <a> axis. In directions parallels to <c> axis, β increases from 50% to 75% from 0% to 10% plastic strain, and remains almost constant for higher plastic strain. In CWSR Zircaloy-4 cladding tubes, the crystallographic texture is such that <c> axis are mostly in the radialcircumferential plane at 30° to the radial direction [7] . Therefore, the axial direction corresponds to a non-basal direction, following which β=90%. The circumferential direction is not purely non basal, one may assume it results in β=50%-90%. To estimate an upper bound for the temperature increase, a value of β=90% was used and the stress level was assumed to be constant and equal to the maximum stress. Therefore, equation 1 can be integrated from zero to a given plastic strain level ( p ) considering β is independent of plastic strain:
The temperature increase at fracture is about 270 °C using the maximum stress and the plastic elongation at fracture:
With the elongation at fracture, the calibrated gauge length equal to 3 mm, the stress at fracture and E the elasticity modulus.
Considering the maximum duration of a CABRI test (76.4ms for REP-Na4 [8] ), the thermal diffusion distance √ , with the thermal diffusivity of zirconium (m 2 /s) [9] and the time (s), is about 0.7 mm. Thus, the diffusion distance is similar to the sample dimensions (0.57 mm in thickness for instance). As a consequence, adiabatic conditions are not fulfilled in RIA conditions. The local maximum temperature increase due to plastic heat dissipation is expected to decrease when the pulse duration increases. The effect of a local temperature increase on the fracture strain (at local and at macroscopic scale) is not trivial. On one hand the temperature increase may increase the material ductility, but on the other hand the induced heterogeneous thermal field could promote strain localization.
In order to measure the local heating at RIA strain rates and its potential impact on the behavior and fracture, uniaxial tensile test on ring and plane strain tensile tests were performed at strain rates ranging from 0.1 to 10 s -1 at 25 °C on Zircaloy-4 cladding tubes and were monitored with a high-speed infrared camera. First, the thermal fields measured during such tests are described and their impact on the mechanical behavior and fracture is discussed. Then, the temperature increase at higher temperature (350 °C and 480 °C) is theoretically estimated using the energy balance.
MATERIAL
The studied material consisted in 9.5 mm external diameter and 0.57 mm thickness tubes of Cold Worked Stress Relieved (CWSR) unirradiated and non hydrided Zircaloy-4 provided by CEZUS Company ® . The grain size measured by statistical analysis of polarized light optical pictures was 2.5±0.7 µm in radial, 3.7±0.7 µm in circumferential and of about 10 µm in the tube axial direction. This material was obtained with the standard manufacturing route for CWSR Zircaloy-4. For this route, most of the zirconium <c> axis are oriented at ±30° to the tube radial direction and one of the ̅ direction is aligned with the tube axial direction [7] .
PROCEDURES a. Tensile tests
Uniaxial ring (Figure 1 ) and plane strain ring tensile tests ( Figure 2 ) were performed. In the following, they would be referred to as HT for Hoop Tensile test and PST for Plane Strain Tensile tests, respectively. The HT gauge section was 2 mm wide (W) and 3 mm (L 0 ) long. The PST geometry has no clearly calibrated gauge length because stress and strain fields are heterogeneous in PST samples. However, the gauge section was considered equal to the notches diameter L 0 =2 mm in order to derive from the displacement a macroscopic strain value. During a PST test at 25 °C, it was shown by Le Saux [10] that a centered area of 1 mm in circumferential direction and 2 mm in axial direction reaches plane strain conditions. Both types of tensile tests were done using two 8.30 mm diameter D-shape mandrels on an INSTRON servo-hydraulic tensile machine (Figure 3) . No "dog-bone" part was used and no lubricant was inserted between mandrel and ring. Above 1 kN, the accuracy of the load measurements is better than 0.1%, and the discrepancy on the imposed strain rate is lower than 0.3%. The load-displacement curve was recorded with a 1024 Hz frequency.
b. Infrared monitoring
The tests were monitored with a FLIR SC7000 high-speed infrared camera at frame rates up to 3600 Hz. The spatial resolution of the infrared measurement was 70 µm/pixel in HT tests and 110 µm/pixel in PST tests. Before the tensile tests, a 7778 BBQ black RUSTOLEUM ® black paint coating was hand sprayed in a reproductive manner. The coating thickness was ranging from 10 µm to 15 µm based on scanning electron microscope cross sections observations. Comparison of infrared camera and thermocouple measurements showed that the coating emissivity was at room temperature and was constant up to 200 °C. It was checked that a 5% uncertainty on the emissivity results in a 0.4 °C uncertainty on the absolute temperature at 25 °C, and a 1.9 °C uncertainty at 90 °C. The HT tests were monitored with the infrared camera at a 30° angle from the normal to the sample gauge section, and PST tests with a 0° angle. The reason of the tilted angle is HT samples were also monitored with a high speed optical camera for DIC application. The tilted angle is not an issue regarding the temperature measurements because it was shown by Poncelet [11] that the emissivity of highly emissive black coatings remained constant up to a 45° angle. In the following, all the thermal measurements are expressed as relative temperature ( ) to get rid of any parasitic reflections that were supposed not to vary during the tests short durations (the longest test lasted less than 5.5 s). 
c. Thickness reduction at fracture and elongation at fracture measurements
The thickness reduction at fracture Δe/e was measured with an optical macroscope on the radial axial plane, with 20 measurements on both sides of the fractured specimens. The uncertainty on the average plastic strain in the thickness direction was estimated to be 1.5% for PST samples and 0.6% for HT samples. The HT thickness reduction was measured in the center of the 2 mm gauge section, in a 0.3 mm axially extended area.
Plastic elongation at fracture was calculated from the load-displacement curves and the gauge lengths defined above.
RESULTS
HT tests and PST tests both require a limited quantity of material. The loading biaxiality level in HT tests is mainly uniaxial in the circumferential direction, which not representative of the loading biaxiality expected in RIA conditions that is from plane strain to equibiaxial conditions. Thus, PST tests, which allow reaching plane strain conditions, were also performed. The mechanical test results and associated temperature measurements are listed for each individual test in Table 1 . Averaged values for each type of tests are presented in Table 2 . The parameter is the yield stress (MPa), is the maximum stress (MPa), (%) is the plastic strain at the maximum load, is the thickness reduction at fracture, is the average temperature increase at fracture on a gauge section centered area (1.4 x 3.2 mm 2 for HT tests and 2.0 x 0.9 mm 2 for PST tests) and is the maximum temperature increase at fracture, measured on the hottest pixel on the whole infrared frame. a. HT tests at 25 °C During HT tests at 25 °C, the temperature increase visible on the infrared frames was less localized at 0.1 s -1 than at 5 s -1 due to heat conduction (Figure 4) . The infrared detector saturated at 125 °C (100 °C temperature increase). When the temperature increases at fracture were greater than 100 °C, for instance in HT test at 5 s -1 strain rate, the temperature increase evolution was extrapolated following the linear trend of the temperature increase observed since the maximum load. The maximum temperature increase at fracture reached 142 °C at 5 s -1 strain rate, while it was limited to 12 °C at 0.1 s -1
. This high local temperature enhanced the material ductility: the thickness reduction at fracture increases slightly when the strain rate increased from 0.1 to 5 s -1 (Table 2) . On the other hand, the heterogeneous temperature field enhanced strain localization in the gauge section: the plastic elongation at fracture ( ) decreased from 25% to 18% (-29%). The strain in the gauge section is clearly more localized at 5 s -1 than at 0.1 s -1 macroscopic strain rate ( Figure 5 ). In addition, higher strain rates led to a steeper load decrease right after the load maximum ( Figure 6 ). A zoom on the elastic phase of the HT tests showed a thermoelastic effect (Figure 7 ). The specimen temperature decreased during the tensile loading in the elastic regime. Under adiabatic conditions, the theoretical temperature decrease can be calculated with the following equation:
(eq. 4) with α the expansion coefficient (K -1 ), calculated as a weighting of the expansion in zirconium < a > and <c> directions [12] :
(eq. 5) (eq. 6) with the typical Kearns factors [7] for CWSR claddings equal to in the radial direction and in the circumferential one. The term T is the average temperature (room temperature in the present case, in K), E is the elasticity modulus (GPa), ρ is the material density (kg/m 3 ), C is the specific heat (J/kg/K), Δε is the elastic strain variation. As expected, the measured thermoelastic effect was lower at 0.1 s -1 than at 5 s -1
, which was itself lower than the adiabatic estimate due to heat losses by conduction (the elasticity contribution of the tensile machine and setup was assumed to be negligible). The discrepancy between experimental measurements and the theoretical estimate might also be due to the non-uniform stress distribution in the specimen due to some bending up to 0.5% plastic strain [10] . The decrease in temperature at 5 s -1 was limited to -0.4 °C, which was negligible in comparison to the temperature increase due to plasticity. The good reproducibility of the measurement of the thermoelastic induced temperature variation demonstrated that the setup, procedures and temporal synchronization are sufficiently accurate to capture such a limited effect in a reproducible fashion. b. PST tests at 25 °C During PST tests at 25 °C, similarly to HT tests, the temperature increase was less pronounced at 0.1 s -1 strain rates than at 5 s -1 ( Figure 8 ). The temperature distribution measured at 5 s -1 was in agreement with the circumferential strain map measured by digital image correlation by Le Saux [10] : the circumferential strain is localized at the notches and in two bands that surrounded the central area (the central area is in plane strain).
The maximum temperature increase at fracture was 75 °C at 5 s -1 macroscopic strain rate, while it was about 5 °C at 0.1 s -1 strain rate ( Figure 9 ). Some specimens failed on the opposite side to the one monitored by the infrared camera, the PST sample tested at 5 s -1 showed in Figure 8 (b) for instance. The temperature increase was similar whatever the side on which the sample was fractured, as shown by the markers "front" and "back" in Figure 9 , which identify the samples that failed in front of the camera or on the opposite side. The temperature increase was mainly located at the notches, where the stress biaxiality was low (uniaxial) while the central area in plane strain conditions showed limited temperature increase.
The fracture of the PST samples tested in the present study were consistent with the scenario described by Le Saux [10] . First, a through thickness plastic strain instability initiated on the inner side in the center of the gauge section and propagated in a plane at 45° to the radial direction. Secondly, the crack propagated axially toward the notches and bifurcated before the complete fracture of the sample. It was observed in the present study that the aspect of the fractured samples was identical whatever the strain rate. Thus, the fracture of PST sample was not initiated where the temperature increase due to plastic dissipation was the highest (at the notches), but were the stress triaxiality level was the highest (in the plane strain area). Consequently, the thickness reduction at fracture was independent of the strain rate. Similar observation was reported in [13] on PST samples when the strain rate was increased from 10 -3 s -1 to 10 2 s -1 . On the contrary, the plastic elongation at fracture was affected by the temperature increase at the notches. It decreased in -20% when the strain rate was increased from 0.1 to 5 s -1 . As observed in HT tests, a higher strain rate led to a steeper load decrease after the maximum load ( Figure 10 ). The magnitude of the slope was only 1.5 times steeper when the strain rate was increased from 0.1 to 5 s -1 while it was 2.1 times steeper in HT tests. The load maximum was 974 MPa at 0.1 s The temperature distributions measured between the two notches for PST specimens tested at different strain rates, after the load maximum are reported in Figure 11 . For the PST specimen tested at 0.1 s -1 , the temperature distributions were homogeneous and showed almost no local heating. At 1 s -1 , the temperature increased and heat conduction resulted in a relatively homogeneous distribution. When the strain rate was further increased to 2.5, 5 and 10 s -1 , the thermal diffusion length decreased and the temperature increased sharply at the notches where high plastic strains were reached. Therefore, the temperature on the gauge section center first increased and then declined when the strain rate increased from 0.1 to 10 s -1 . This is also visible in the evolution of the average temperature increase in Figure 9 (a). The studied strain rate range turned out to be a double transition from almost no local heating to important temperature increase and from significant heat conduction to nearly adiabatic conditions. c. HT at higher temperature: 350 °C and 480 °C Infrared measurements were also performed at higher temperatures, but the black coating cracked before reaching the maximum load. Thus, the heating due to plasticity dissipation was estimated theoretically at 350 °C and 480 °C at 5 s -1 strain rate in HT tests. The procedure consisted in computing the ratio of the density K in kg/m 3 [9] times the specific heat [12] in J/kg/K and times the average temperature increase divided by the integral of the macroscopic stress times the plastic strain ∫ , as shown in the following equation:
The subscript 25, 350 and 480 correspond to 25 °C, 350 °C and 480°C, respectively. Additional tensile tests were performed at 350 °C and 480 °C, and then were used to determine the evolution of ∫ and ∫ in function of the plastic elongation. The only unknown parameters were the temperature increases at high temperature ( and ). The equation 7 was deduced from the two following assumptions: the β coefficient remained constant with the strain level and the temperature, and heat losses are small compared to the heat production. The estimate obtained using equation 7, showed in Figure 12 , gave an average temperature increase at fracture equal to and , while it was during room temperature testing at a 17.5% plastic elongation (close to the strain at fracture at 25 °C). This lower average temperature increase during higher temperature tests was mainly due to the lower stress level for a given plastic strain. 
DISCUSSION: CONSEQUENCES OF THE LOCAL TEMPERATURE INCREASE ON THE ANALYSIS OF MECHANICAL TESTS AT RIA-PCMI PHASE REPRESENTATIVE STRAIN RATES
Le Saux et al. [14] analysis of the PROMETRA database [15] showed that the stress strain sensitivity ̇ , which represents the material capability to resist to strain localization, increased from 0.013 at 25 °C to 0.022 at 400 °C and then rose steadily to about 0.24 at 800 °C. In addition, the thermal conductivity increases in 30% from 25 °C to 480 °C for Zircaloy alloys [12] , thus limiting the localization of the temperature increase. These two last statements together with the lower temperature increase at high temperature indicate that the magnitude of the elongation at fracture reduction due to material autoheating would likely be lower at 350 °C than at 25 °C, and even lower at 480 °C.
The cladding circumferential strain rate in RIA conditions is about 1 s -1
. Therefore, limited local heating (<25 °C) due to plastic dissipation may occur after the maximum load and the increase in temperature should not be strongly localized due to significant heat conduction. Nonetheless, a limited localized temperature increase could enhance strain localization. Now that the general trend and magnitude of the temperature increase is known in the strain rate range from 0.1 to 10 s -1 , further studies should focus on strain rates close to 1 s -1 , at RIA representative temperatures. Due to heat conduction, an accurate estimate of the local temperature cannot be done assuming adiabatic conditions and would require a coupled thermal-mechanical calculation scheme.
Concerning the interpretation of previous experimental results, the present study showed the local temperature increase becomes significant after the maximum load is reached. Thus, the parameters such as the maximum load and uniform strain would not be significantly affected. On the other hand, the plastic elongation at fracture should not be used to quantify the material ductility at strain rate greater than 0.1 s -1 because of the local temperature increase induced by the plastic heat dissipation. Indeed, the -29% reduction in the plastic elongation at fracture measured during HT tests at 0.1 and 5 s -1 was not due to a material ductility sensitivity to strain rate. It was due to the strain localization induced by the heterogeneous thermal field, which depends on the geometry of the tensile test sample.
This last point should be reminded of, when the elongation at fracture obtained by uniaxial ring testing is converted to higher stress biaxialities using correction factors [16] . The present study showed that this method is not directly applicable for strain rate greater than 0.1 s -1 (and a fortiori for strain rate higher than 1 s -1
). A more local measurement of the fracture strain, such as the thickness reduction or full field techniques such as Digital Image Correlation should be used instead of the plastic elongation at fracture.
CONCLUSION
Infrared measurements of the local heating due to plastic dissipation were performed during tensile tests at 25 °C in the strain rate range from 0.1 to 10 s -1 with two different tensile tests on CWSR Zircaloy-4 cladding tubes. Limited temperature increase was measured at 0.1 s -1 strain rate, while it reached 142 °C at 5 s -1 strain rate in uniaxial ring tests. Local temperature increase was observed between 0.1 and 1 s -1 . Nevertheless, the temperature increase was limited in magnitude (< 25°C in PST tests at 1 s -1 at fracture) and was not strongly localized due to thermal conduction. At strain rate greater than 1 s -1 , the local temperature increase induced heterogeneous temperature fields. It induced a plastic elongation at fracture reduction. The local thickness reduction measurement showed this was not due to a drop in material ductility. Thus, fracture strains of mechanical tests at strain rates equal or greater than 1 s -1 should be measured at a local scale to assess the material intrinsic fracture behavior.
